A hemA mutant of Escherichia coil containing a multicopy plasmid which complemented the mutation excreted 5-aminolevulinic acid (ALA) into the medium. [1-'4CJglutamate was substantially incorporated into ALA by this strain, whereas [2-'4CJglycine was not. Periodate degradation of labeled ALA showed that C-5 of ALA was derived from C-1 of glutamate. The synthesis of ALA by two sonicate fractions which had been processed by gel filtration and dialysis, respectively, was dependent on glutamate, ATP, NADPH, tRNAGIU, and pyridoxal phosphate. tRNAGIU stimulated ALA synthesis in a concentration-dependent manner. Pretreatment with RNase reduced this stimulation. The amino acid sequence of the cloned insert, derived from the nucleotide sequence (J.-M. Li, C. Sa Russell, and S. D. Cosloy, J. Cell Biol. 107:617a, 1988), showed no homology with any ALA synthase sequenced to date. These results suggest that E. coli synthesizes ALA by the C5 pathway from the intact five-carbon chain of glutamate.
plasmid, pJL68, containing a 2.9-kilobase (kb) insert derived from an E. coli genomic library in XSE6, relieved this requirement (J.-M. Li, C. S. Russell, and S. D. Cosloy, submitted for publication). The Hem' derivative of HU227 harboring pJL68 (JL1268) excreted ALA into the medium (Li et al., subnmitted). While E. coli is known to make ALA, efforts to show ALA S activity have been largely unsuccessful. This work describes our experiments with strain JL1268 to determine the pathway used by E. coli to produce ALA.
(An account of this work was presented at the joint annual Bacterial strains and growth conditions. JL1268, which contains a plasmid harboring a gene which complements the hemA mutation in HU227, was grown as follows. For the radiolabeling experiments, 1 ml of an overnight culture of * Corresponding author.
JL1268 was inoculated into 100 ml of glucose minimal medium supplemented with methionine, glutamate, and ampicillin (50 ,ug/ml each). After growth for 24 h at 37°C, cells (5 x 108 cells per ml) were washed with fresh medium, and the cell paste was suspended in 20 ml of fresh medium as above but also containing levulinic acid, an inhibitor of ALA dehydratase, at 4 mM. For the preparation of cell extracts of JL1268 and for growth of TB1(pUI553), an E. coli strain which harbors the structural gene for ALA S from Rhodobacter sphaeroides, which was kindly supplied by Mark Moore, cells were grown overnight to saturation (>2 x 100 cells per ml) at 37°C in LB medium with ampicillin (50 ,ug/ml).
Preparation of bacterial extracts. Ten 100-ml cultures of E. coli JL1268 were grown for 16 h at 37°C in LB medium with ampicillin (50 ,ug/ml). Cells (>2 x 109 cells per ml) were harvested by centrifugation at 4,300 rpm at 4°C, washed with 0.1 M Tricine (pH 7.9)-25 mM MgCl2-5 mM dithiothreitol (DTT), suspended in 30 ml of the same buffer, and sonicated in 3-ml portions for 60 s each (10-s intervals). This sonicate was designated the crude extract (protein concentration, 15.8 mg/ml). The supernatant obtained after centrifugation (10, 000 rpm, 10 min, 4°C) was designated S. The pellet was washed with 40 ml of buffer, suspended in 6 ml of buffer, and sonicated for 30 s. This suspension was dialyzed against buffer for 3 h with two changes of buffer and designated P (protein concentration, 16.7 mg/ml). Supernatant S was passed through a column of Sephadex G-25 (100-ml bed volume, equilibrated with the same buffer) in two 13-ml portions. Fractions of 12 ml each were collected. Fractions 2 and 3 from both runs were combined, concentrated to 26 ml by ultrafiltration, and designated fraction S(1) (protein concentration, 8 .3 mg/ml). This process was repeated to yield S(2) (protein concentration, 6 .0 mglml) and again to yield S(3) (protein concentration, 5.9 mg/ml).
Assay for ALA synthesis. ALA synthesis was determined by several methods. Succinate and glycine were used as substrates in the method of Burmham (8) , except that 0.2 ml of crude extract contained levulinic acid (5 mM, final concentration) and succinyl-CoA (25 ,uM, final concentration) was used. The incubation time was 10 min at 37°C. The hama and co-workers (27) was followed except that the assay was done aerobically and 0.4 ml of crude extract was used. The blank contained crude extract and buffer.
To study the effects of cofactors, tRNA, RNase, and gabaculine, the sonicate was processed as described above and assayed with selective exclusion of substrate, cofactors, or levulinic acid from the incubation mixture. The reaction mixture contained 50 p. of P, 250 p.l of S run through Sephadex once or twice, 100 p.l of assay mix, and buffer and additions (i.e., tRNA) to bring it up to 500 ,ul, containing, for the complete system, 100 mM Tricine, pH 7.9, 25 mM MgCl2, 5 mM DTT, 5 mM ATP, 1 mM NADPH, 3 mM glutamate, 5 mM levulinic acid, and 20 p.M pyridoxal phosphate. The blank contained S, P, and buffer. After 2 h at 37°C, 50 p.l of 1 M citric acid and 0.5 ml of 10% sodium dodecyl sulfate were added. The mixture was boiled for 2 min and cooled, and ALA synthesis was determined as described below.
Determination of ALA. We used two methods for ALA determination. For crude extracts, the Burnham method was used (8) with the following modifications. Portions (1 ml) were spun down, and the supernatants were mixed with 2 ml of sodium acetate, pH 4.7, and 50 p.l of acetylacetone (Aldrich Chemical Co., Inc.). After the mixtures were boiled for 15 min and cooled, 3 ml of modified Ehrlich reagent was added to each sample, and the spectrum from 450 to 630 nm was recorded after 10 min. The method of Weinstein and Beale (43) was used to determine ALA for all other assays. The mixture was applied to a Dowex 5OX-8-400 column (0.9 by 0.5 cm). The column had been prewashed with 2 ml of 1 N NaOH and 2 ml of 0.05 N sodium citrate (pH 3.01). The incubation tube was rinsed with 2 ml of water, which was also applied to the column. The A 6-ml amount of the labeled ALA (containing 10 nmol) which had been isolated by ion-exchange chromatography was cleaved by periodate (3, 5, 37) after carrier ALA was added as described before (37). C-5 was isolated as the dimedone derivative of formaldehyde.
RESULTS
JL1268 excreted ALA into the medium (data not shown). When it was grown in the presence of levulinic acid, an inhibitor of ALA dehydratase, more ALA accumulated in the medium (Fig. 2) (Fig. 1) which could be correlated with the C4 or the C5 pathway. These results are shown in Table 2 . The C5/C1-C4 ratio of specific radioactiv- small amount of ninhydrin-positive material, and the highest radioactivity in the ALA pyrrole chromatogram was at the origin, which was ninhydrin positive. The soluble and pellet portions of sonicates of JL1268 each had very low ALA synthesis activity compared with the whole sonicate, but when they were mixed, activity was restored. The pellet preparation may contain active but insoluble aggregates or a membrane-bound species of the cloned protein which is essential for ALA synthesis. Dialysis of the washed and sonicated pellet did not affect its activity. The maximum synthesis of ALA by the combined S and P fractions was dependent on glutamate, NADPH, ATP, and pyridoxal phosphate when S was processed through a Sephadex G-25 column twice to remove small molecules (43) . These results are shown in Table 3 . E. coli tRNAGlU (Sigma "' The reaction mixture contained 250 ,l of S (2) fraction (passed through Sephadex G-25 twice) (1.5 mg of protein), 50 ,u1 of P fraction (0.8 mg of protein), 100 ,1 of assay mix, and buffer and additions to make 500 V1. The complete reaction mixture contained 100 mM Tricine, pH 7.9, 25 mM MgCl,, 5 mM DTT, 5 mM ATP, 1 mM NADPH, 3 mM glutamate, 5 mM levulinic acid, and 20 ,uM pyridoxal phosphate. The mixture was incubated for 2 h. ALA was determined by the method of Weinstein and Beale (43) .
Chemical Co.) stimulated ALA synthesis in a concentrationdependent fashion (Fig. 3) , while nonspecific E. coli tRNA was only marginally stimulatory (data not shown). Preincubation of tRNAG"U with RNase and then addition of extract lowered synthesis of ALA (Fig. 4) . When it was added to a mixture of tRNAGIU and extract, the effect was very weak. DISCUSSION An E. coli gene which complements the hemA mutation in HU227 encodes a protein, the amino acid sequence of which (Li et al., submitted) shows no homologies with any reported ALA S sequences (human [2] , mouse [34] , chicken liver [6] , Saccharomyces cerevisiae [38] , or Bradyrhizobium japonicum [24] ), although all of these sequences have certain regions of significant homology. Three ALA-requiring mutants of E. coli have been reported; two, the parent of HU227, SASX41B, and the parent of TB1(pUI553), SHSP19, contain mutations which were mapped at 27 min on the genome, both of which were complemented by pJL68 (32; Li et al., submitted); the other, popC, was mapped at 4 min (29, 46 Crude sonicates of JL1268 make appreciable quantities of ALA. The observation that dialyzed P and gel-filtered S fractions were both required for ALA synthesis means that at least two kinds of macromolecules, possibly two enzymes, are required in this pathway. When S was processed through Sephadex G-25 in order to remove small molecules and cofactors, the production of ALA became dependent on glutamate, ATP, NADPH, pyridoxal phosphate, and tRNAGlu. Levulinate was also required to prevent further utilization of ALA. tRNAGIU stimulated ALA synthesis in a concentration-dependent manner. It is interesting that E. coli tRNA type II acts as a specific inhibitor of the C5 ALA-forming system in Euglena gracilis (23) . Pretreatment of tRNAGlu with RNase lowered ALA production. There was no effect when RNase was added after tRNA had been allowed to interact with proteins in the extract. This suggests that when the tRNA is bound it is protected from RNase. Elimination of pyridoxal phosphate from the assay mixture lowered ALA synthesis only partially. The crude and S(1) and S(2) extracts are not very sensitive to gabaculine (data not shown). These results suggest that bound rather than free pyridoxal phosphate is acting as a cofactor.
The patterns for uptake of labeled precursors, the requirement for at least two kinds of macromolecules, and the requirement for cofactors and tRNAGIu provide comnpelling evidence that ALA synthesis in E. coli follows the C5 pathway by the series of steps shown in Fig. 1. J. BACTERIOL. 
